Abstract Animal models have been invaluable in the efforts to better understand and ultimately treat patients suffering from leukemia. While important insights have been gleaned from these models, limitations must be acknowledged. In this review, we will highlight the various animal models of leukemia and describe their contributions to the improved understanding and treatment of these cancers.
Introduction
The leukemias represent a diverse group of diseases that lead to significant morbidity and mortality. In 2011, over 44,600 Americans were diagnosed with leukemia leading to 21,780 deaths [1] . Four major types account for 85 % of all leukemias: acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), chronic myeloid leukemia (CML), and chronic lymphocytic leukemia (CLL). These will be the focus of this review. CLL is the most common, but AML accounts for ∼42 % of all leukemia deaths [1] . As a result, AML is the most intensively studied leukemia and has the most diverse group of animal models. It is hard to overstate the impact that animal models have had on leukemia research. From the pioneering work of Dr. Lloyd Law on the response of murine lymphoid leukemias, to antimetabolite agents in the 1940s and 1950s, to the discovery of the leukemic stem cell by Dr. John Dick in the 1990s, animal models have been integral in our understanding of the biology of the leukemias.
Animal models of AML

Introduction
In the last 40 years, our understanding of the molecular pathophysiology of AML has grown exponentially (reviewed in [2] [3] [4] ). The disease presents with the proliferation of immature, clonal, myeloid precursors that leads to progressive marrow failure and ultimately death. Despite a better understanding of the genetics of AML, therapy for most patients has remained unchanged, and the overall 5-year survival rate is 30-40 % [5] . This disappointing survival rate has inspired much work on the development of more relevant animal models for use in the discovery of new targets and the testing of new therapies. As a result, several studies have revealed novel insights made possible only by the use of animal models. Several notable examples include the role of the AML cell/bone marrow stroma interaction in resistance to chemotherapy [6] , the ability of the immune system to interact with and target AML [7, 8] , the manipulation of the hematopoietic stem cell niche by AML [9] , and the seminal observation that AML exists as a hierarchy of cells with only a rare population of leukemic stem cells [10] . This observation was the nidus for the cancer stem cell theory, now extended to many solid tumors as well (reviewed in [11] ).
Murine models
Since 1930s, murine models have been the most extensively used to study AML. The initial carcinogen-induced transplantable models gave way to the more modern transgenic, xenograft, and mosaic approaches. This section will review the major murine model types in AML.
Carcinogen-induced models
Among the earliest reported models of murine leukemia were the transplantable carcinogen-induced models used to test possible therapeutic agents (see Fig. 1 ). The use of antimetabolite agents was first tested in these models. They had the advantages of being able to propagate in vitro and then injected into large cohorts of recipients that would subsequently develop leukemia, allowing for trials of promising agents and schedules. They were used to great effect by Drs. Skipper and Schabel to describe the kinetics of Fig. 1 Major techniques for generating animal models of leukemia. a Carcinogen-induced models. Animals from susceptible strains are exposed to carcinogenic chemicals or ionizing radiation. After exposure animals are followed for the development of leukemia. b Mosaic-, transposon-and viral-induced models. In mosaic models, HSCs are harvested from donor mice and infected with viruses that encode an oncogene of interest. Viral integration into the host genome results in the delivery and expression of the oncogene. In addition to oncogene delivery the insertion of the virus can result in the aberrant expression of cellular proto-oncogenes genes (as depicted) or in disruption of a cellular tumor suppressor if integration occurs intragenically. Transposon mutagenesis results from similar consequences of transposon integration into the host genome. c Transgenic models. Targeting vector that has been engineered to express the transgene of interest is injected or electroporated into murine ES cells. ES cells that have integrated the vector are then injected into tetraploid blastocysts that are in turn then injected into pseudopregnant surrogate mothers. Alternatively, vectors can be directly injected into fertilized zygotes and those zygotes then implanted in surrogate mothers. Offspring are then monitored for the development of leukemia. d Xenograft models. Primary patient samples or human cell lines can be directly injected into immunocompromised host animals. Host animals are frequently exposed to ionizing radiation prior to sample injection to suppress any residual immune function leukemogenesis and response to therapy that remain a major pillar of our current understanding of the disease (reviewed in [12] ). One of the most widely used models is the L1210 cell line isolated by Dr. Law by exposing DBA/2 mice to the carcinogen 3-methylcholantrene [13] . The resulting leukemia was harvested from a moribund animal and has been used experimentally for decades. Additional chemically induced murine leukemia cell lines include P388, P1534, and L5178Y, among others (reviewed in [14] ). However, these models have several drawbacks. The strongest of these is the fact that the pathogenesis of this type of leukemia is not relevant to most human cases of AML, since only a minority of patients develop leukemia after exposure to chemical agents. Indeed for the most part several of these cell lines were thought to be more closely related to lymphoid malignancies than AML. Furthermore, the genetic underpinnings of the disease are unknown, which limits the applicability of results using these models. Despite these drawbacks, these models have made significant contributions to the treatment of AML, most notably the supporting the use of cytarabine [15] , which remains one of the most widely used agents to treat AML and ALL.
Viral and transposon models
One of the earliest viral models of AML is the erythroblastic AML caused by the Friend leukemia viruses, first reported in 1957 by Dr. Charlotte Friend [16] . She reported the presence of a cell-free agent that could serially transmit an erythroblastic leukemia in susceptible strains of mice. This filterable agent was later found to be a combination of a replication-deficient spleen focus forming virus (SFFV) and a replication-competent Friend murine leukemia virus (MuLV) [17] . SFFV was identified as the cause of erythroblastic leukemia [18] ; it acts in part by insertional mutagenesis (see Fig. 1 ). Integration of the viral genome in proximity to the Spi/PU.1 gene results in its overexpression, driven by the viral LTR, which contributes to the decreased differentiation of erythroblasts seen in the disease [19] . The MuLV has been used to discover novel genes involved in AML leukemogenesis in insertional mutagenesis screens [20] . Additional AML-inducing leukemia viruses have been isolated and utilized in insertional mutagenesis screens with transgenic models, including the MOL4070LTR virus [21, 22] . Virally induced AML also has been used in the preclinical evaluation of possible therapeutics, most notably the spontaneous leukemia model in AKR mice as the result of an oncogenic RNA virus [23] . In addition to virally mediated insertional mutagenesis, transposon-based systems have also been developed, most notably the Sleeping Beauty system, which has been used to identify cooperating mutations [24, 25] . These virally and transposon-induced models have contributed to the understanding of leukemogenesis and identification of active therapeutic agents. However, their relevance to the human disease is questionable, because no conclusive proof of an AML-inducing virus or transposon in humans has been reported.
Transgenic models
AML is characterized by non-random, recurring karyotypic abnormalities known to affect prognosis, especially chromosomal translocations. These translocations can be pathognomonic for a particular subtype of AML, such as the t (15;17) seen in acute promyelocytic leukemia (APL), or can occur in a variety of leukemias, such as the Philadelphia chromosome seen in CML, ALL, and, rarely, AML.
The earliest transgenic models of AML engineered mice to express the fusion proteins generated by these translocations. In transgenic models, mice are created through the manipulation of embryonic stem (ES) cells. In the classic approach, DNA is directly injected into the pro-nucleus of fertilized zygotes which are then injected into pseudopregnant females (see Fig. 1 ). This results in a non-targeted integration of the transgene and is reliant on expression of the transgene to generate the phenotype. In a more modern approach, DNA is electroporated into ES cells and integrants are selected for by expression of antibiotic resistance genes. Selected cells are then injected into tetraploid blastocysts, which are in turn implanted into pseudopregnant females. Offspring are then backcrossed with wild-type mice to generate the homozygously transgenic mice. Vectors can now be generated that target specific sites in the genome through homologous recombination. An additional layer of complexity can be added with newer vectors that conditionally express genes in response to doxycycline (Tet on/off systems) or Cre recombinase (using the Lox/Cre systems). Once mice with these conditional alleles are generated, they can then be crossed to other transgenics that express the Tet transactivator or Cre recombinase in a tissue-specific manner, to generate tissue-specific expression of the transgene (reviewed in [26] ). In addition to the expression of oncogenic fusion proteins, gain-of-function oncogenic alleles can be "knocked in" to their corresponding normal loci and tumor suppressors can be "knocked out" using these same approaches.
APL
Early models of APL were created by expression of the fusion protein generated by t(15;17), PML-RARα, under the control of various myeloid-specific promoters [27] [28] [29] . These models not only recapitulated the histologic phenotype of human APL, but also the remissions seen after treatment with all trans-retinoic acid (ATRA). In a transgenic model that expressed the PLZF-RARα fusion protein, found in patients with a rare APL variant containing t (11;17), ATRA treatment did not induce remission in mice, mimicking the clinical scenario [30] . Despite these successes, the model has several drawbacks. The resulting phenotype varies with expression of the inserted transgene. When different myeloid-specific promoters were used, some promoters yielded models with high penetrance and shorter latencies, while others yielded disease more closely resembling myeloproliferative neoplasms than an acute leukemia. Indeed, the model that expressed PML-RARα under the control of the CD11b promoter did not develop leukemia at all [27] . These models still leave in question whether genetic events in addition to t(15;17) are required to cause APL in humans.
AML1-ETO leukemias
The AML1-ETO fusion protein is generated by the t(8;21) found predominantly in AML FAB class M2. Patients with AML who are positive for the translocation t(8;21) have a better prognosis and are generally responsive to chemotherapeutics [31, 32] . AML-ETO fusion genes result in embryonic lethality when inserted into the endogenous AML1 promoter due to poor hematopoiesis, similar to AML1 −/− knockout animals [33] . This makes standard knock-in models of AML1-ETO uninformative. To circumvent this limitation, Dr. Zhang and colleagues generated an inducible transgenic model that expressed AML1-ETO under the control of the Tet repressor. Despite robust expression of the transgene in the marrow of mice, no leukemia developed [34] . They subsequently found that when mice expressed AML1-ETO (under the control of the myeloid-specific promoter of MRP8) were treated with the carcinogen, N-ethyl-N-nitrosourea, 55 % of animals developed AML [35] while none of the control mice did. This finding is consistent with the view that AML1-ETO expression is necessary but insufficient for leukemogenesis. Consistent with this idea, other groups have found cooperation of AML1-ETO with mutations in tyrosine kinases such as TEL-PDGFR, using mosaic models that will be discussed below [36, 37] .
MLL leukemias
The mixed lineage leukemia (MLL) gene is located on chromosome 11 and is frequently involved in balanced translocations in the acute leukemias. It has over 40 known fusion partners in the acute leukemias and is often associated with chemoresistance and a poor prognosis [31, 32, 38] . Roughly 5 % of acute leukemia patients express MLL fusions [39, 40] , although that number increased to ∼70 % of patients with previous exposure to anthracyclines and other topoisomerase II poisons. Knock-in models of MLL fusion proteins such as Mll-lacZ result in AML in some animals, but not others. LacZ has no known oncogenic role, so this suggests that MLL alone is sufficient to cause oncogenesis. In the t(9;11) scenario, AF9 partners with MLL. AF9 protein is homologous to the product of ENL from 19p13.3, which is another partner gene for MLL involved in the acute leukemias. Corral et al. used homologous recombination in ES cells to produce the Mll-AF9 fusion. The fusion protein they generated relies on endogenous MLL control elements to transcribe the fusion protein. The mice developed AML despite widespread activity of the MLL promoter [41] . A small subset of animals developed ALL, consistent with what is seen in humans [42] . The engineering of a reciprocal translocation between chromosomes 9 and 11 to generate the MLL-AF9 fusion gene was generated in one model through the use of LoxP sites at both the MLL and AF9 loci, but these mice did not develop leukemia [43] . The model did demonstrate the feasibility of using Lox/Cre systems to engineer translocations in mice. Another recurrent translocation involving the MLL gene occurs with t (11;19) and results in the generation of the MLL-ENL fusion protein. This fusion event has been modeled in transgenic animals using the engineered translocation approach [44] . In this study, mice were generated with LoxP sites in both the MLL and ENL genes and crossed to mice expressing Cre from the hematopoietic cell-specific promoter of the Lmo2 gene. The resulting mice developed an aggressive, fully penetrant AML, demonstrating that the engineered translocation approach can successfully model AML.
Gain-of-function "knocked in" models
Several oncogenes have been implicated in the development of AML in humans, most prominently the Flt3 receptor tyrosine kinase. Flt3 mutations occur in 25 % of patients with AML and confer a worse prognosis [45] . The most common Flt3 mutation involves the generation of an inframe tandem duplication, the so called "Flt3 ITD" mutation. Flt3 ITD is a constitutively active form of Flt3 that causes ligand-independent signaling. A knock-in model of the Flt3 ITD was generated; the resulting mice developed a myeloproliferative neoplasm but not AML; consistent with other models that suggest that the Flt3 ITD can lead to enhanced proliferation but alone is insufficient for the development of AML [46] . Also consistent with this finding, when transgenic mice expressing the Flt3 ITD were crossed to transgenic animals expressing the NUP98-HOXD13 fusion protein found in myelodysplastic syndrome (MDS) and AML patients, the resulting progeny developed a highly penetrant and lethal AML [47] .
The g protein Ras is a target of activating mutations in AML. K-ras is mutated in approximately 10-15 % of AMLs and N-ras 20-25 %. An inducible K-ras model has been developed driven by its endogenous promoter [48] . In this model, investigators generated a mutated K-ras allele downstream of a transcriptional stop sequence that was flanked with LoxP sites. This mouse was then crossed to a mouse that expresses Cre recombinase under the control of the interferon-inducible MX-1 promoter (MX1-Cre). Conditional expression of K-ras G12D leads to a fatal myeloproliferative disorder similar to that in Flt3 ITD models. This finding is consistent with the "two hit" hypothesis, in which two alterations are necessary to cause AML [2] . Interestingly, when a similar model was constructed using N-ras G12D , a much more indolent myeloproliferative response was induced and mice died from a spectrum of hematologic malignancies, demonstrating that different Ras alleles are not functionally equivalent [49] .
The most common mutation in AML is in the nucleophosmin 1 gene, or NPM1. It has multiple cellular functions and shuttles between nuclear, nucleolar, and cytoplasmic locations. In AML, ∼35 % of patients have an NPM1 mutation that alters cellular localization, resulting in cytoplasmic distribution of the mutant protein only. The first model that knocked in the mutated form of NPM1 to the endogenous mouse locus resulted in a mild myeloproliferative disorder, but not AML. In a second model, the most common form of NPM1 mutation was inserted into the mouse loci flanked by LoxP sites; resulting mice were crossed to MX1-Cre mice. Upon Cre induction, about one third of the double transgenic mice developed delayed-onset AML. Penetrance was increased and latency shortened using a transposon-based insertional mutagenesis approach. These models have clarified the role of mutations that result in oncogenic gain of function in the development of AML, and will likely continue to contribute to the increased understanding of the molecular pathogenesis of the disease.
Loss-of-function "knocked out" models
Several growth and survival pathways can be hyperactivated by the loss of negative regulators. One such example in AML is the PI3 kinase pathway, which is hyperactivated in 50-70 % of AML patients [50] . The tumor suppressor PTEN is a negative regulator of this pathway. When transgenic mice were generated that contained LoxP sites flanking PTEN and these animals were crossed to a myeloid-specific Cre-expressing strain, 11 of 18 progeny developed AML. The resulting AML was monocytic in morphology and the PI3 kinase pathway was activated in multiple cases of extramedullary monocytic AML [51] . A negative regulator of the Ras pathway is the gene NF1, which stimulates the GTPase activity of the Ras proteins, leading to their inactivation. NF1 loss was engineered by the construction of NF1 loci flanked by LoxP sites when these animals were crossed with the inducible K-Ras G12D model discussed above. When Cre was induced, an aggressive AML with high penetrance was produced [52] . These models demonstrate that the transgenic approach can be applied in conjunction with LoxP/Cre systems to model tumor suppressor loss in the generation of AML.
Mosaic models
As discussed above, although murine transgenic models have contributed greatly to our understanding of AML, these models have significant drawbacks. The amount of time and effort required to move from vector construction, to screening of founder mice, to maintenance of a breeding colony can be prohibitive. An alternative approach to the transgenic model is to take hematopoietic stem cells (HSCs) from mice, manipulate them ex vivo, and transplant them into autologous or syngeneic recipients (see Fig. 1 ). This model allows the rapid generation of genetically defined leukemias, most commonly by retro-or lentivirus transduction of cells (reviewed in [26] ).
Murine stem cell virus (MSCV)-based vectors are the most commonly used replication-deficient retrovirus in the generation of mosaic leukemia models. This rapid and cost-effective system has been used extensively in AML to complement studies done with transgenic animals. For example, investigators have retrovirally transfected and transduced the AML1-ETO fusion protein into HSCs to generate chimeric mice with molecular abnormalities akin to those in patients with this translocation [53] . Transplantation models, using bone marrow transduced with AML1-ETO and N-ras G12D into syngeneic recipients, showed cooperation leading to leukemia that resembled the M2 subtype of AML most commonly associated with AML1-ETO [31] . A mosaic AML model generated with MLL-ENL fusions and N-ras G12D resembled the M4-M5 subtype associated with MLL fusions. When leukemic mice were treated with cytarabine and anthracycline chemotherapy, responses to the two models differed significantly, with the MLL-ENL mice being poorly responsive while the AML-ETO mice showed high remission rates and even a few cures. These responses mirror the clinical situation and demonstrate that these models can recapitulate the differing prognostic effects of these translocations. In addition, the mosaic model has been used to model the prognostic effects of mutated tyrosine kinases. When employed to study response to standard AML chemotherapeutics, Flt3 ITD accelerated engraftment. This model was sensitive to cytarabine providing a reduction in tumor burden and survival benefit. Doxorubicin did not show the same efficacy, and there was the suggestion of net resistance when the two drugs are combined, as in standard AML induction therapy [54] .
Xenograft models
Even the most clinically aggressive sample of leukemia cells from a patient is unlikely to grow when placed in culture, and cell characteristics can change depending on the media used [55, 56] . Additionally, culture systems cannot replicate the interactions between the leukemia cells and their stroma and immune cells. To circumvent these limitations, murine xenograft models have been developed to allow engraftment of primary patient samples and cell lines.
The first attempts at xenografting AML into immunocompromised mice utilized athymic nude mice that harbor a mutation in the Foxn1 gene, leading to an almost complete lack of functional T cells. Early experiments using primary patient samples did result in the generation of granulocytic sarcomas, but without bone marrow and other organ involvement [57] . In an attempt to improve marrow engraftment, severe combined immunodeficient (SCID) mice were tested for their ability to engraft AML patient samples. These mice have mutations in the Prkdc gene and thus lack functional T or B cells. Although samples injected intraperitoneally or implanted in kidney capsules had significant take rates, intravenous injection lead to very few samples engrafting in recipient animals [58] . In a landmark paper, Dr. John Dick and colleagues injected primary patient samples into SCID mice that were then treated with human stem cell factor (SCF) and granulocyte-macrophage colony stimulating factor (GM-CSF). This resulted in a high take rate from intravenously injected patient peripheral blood or marrow; more importantly, only a subset of leukemia cells could successfully engraft [10] . This was the first evidence of a hierarchy of leukemia cells, with a minority population being responsible for the maintenance of the disease. Since then, mice with more complete immunocompromise have been developed. Non-obese diabetic (NOD)/SCID mice have no functional B or T cells and diminished NK cell and monocyte activity. They have a higher engraftment rate of primary patient samples than SCID mice [59] . Further immunocompromise has been established with NOD/SCID mice, which have deletions in the gene encoding the interleukin 2 receptor gamma chain (IL2Rγ) (so-called NSG mice). Finally, a transgenic mouse has been created on this platform that expresses human iL3, GM-CSF and SCF (NSG-tg). This mouse had significantly improved engraftment rates for primary patient samples over the standard NSG mouse [60] . While these models are limited in their ability to address leukemia immune cell interactions, they are valuable tools in assessing preclinical activity of promising agents and leukemia cell-stroma interactions.
Non-mouse models
Other animal models have been used to study AML, including rats. While spontaneous leukemias are rare in rats, many carcinogen-and radiation-induced models have been reported [61] [62] [63] [64] . A myelomonocytic leukemia, L5222, was induced in 1967, 326 days after a single intravenous injection of ethylnitrosourea (200 mg/kg body weight) in a 3-month-old female BD IX rat. This leukemia was transplantable into BD IX rats and has been used in preclinical efficacy studies [65] . The APL model generated in Brown Norway rats (BNML) has been used in preclinical studies of chemotherapy and transplantation [66] . The leukemia was induced in a female BN rat by 9,10-dimethyl-1,2-benzanthracene [67] , and has similar colony formation characteristics to human AML samples in colony assays [68] . Additionally, this model has made important contributions to the understanding of minimal residual disease in AML (reviewed in [69] ).
More recently, non-mammalian systems of AML have been reported. One example is a recent report of the transplantation of human AML samples into zebrafish embryos. In this study, investigators injected human AML cell lines and patient samples into zebrafish embryos 48 h postfertilization. They used between 50 and 200 cells and saw a reduction in leukemic burden when embryos injected with susceptible cells were treated with imatinib [70] . In another study, human APL and CML in myeloid blast crisis cell lines were injected into zebrafish embryos; embryos were then treated with imatinib or ATRA, and they showed a reduced leukemic burden [71] .
Another model system used to study AML is the fruit fly, Drosophila melanogaster. Expression of the AML1-ETO fusion protein in Drosophila blood cells impaired the differentiation of blood cells that rely on RUNX1, similar to what is seen in patients [72] . These non-mammalian systems have the advantages of lower cost, and increased reproductive capacity in systems with well-understood genetics. They have the potential to make significant contributions in the understanding of the pathogenesis of AML.
Animal models of ALL
ALL is the most common leukemia in children and also occurs in a significant number of adults. It is characterized by the aggressive proliferation of clonal lymphoblasts. ALL has several sub-types, including pre-B cell, T cell, and mature B cell or Burkitt's. It can present primarily as a solid mass (lymphoblastic lymphomas) or with primary marrow involvement (lymphoblastic leukemias). Unlike AML, it is now estimated that over 90 % of children diagnosed with ALL can be cured [73] . While this remarkable achievement is the result of many avenues of research, several important insights into ALL have been discovered using animal models. These insights include demonstration that Notch-1 activation leads to T cell ALL in a murine transplant model [74] , the finding that transgenic mice expressing the p190 version of the BCR-ABL fusion developed ALL [75] , and the preclinical assessment of activity of antimetabolites [76] .
Murine models
As in AML, murine models of ALL utilize carcinogeninduced, viral-induced, transgenic, mosaic, and xenograft approaches. These models have contributed to the current understanding of ALL.
Carcinogen-induced models
As in AML, early work in murine models was based on the carcinogen-induced model. In addition to the important L1210 cell line discussed above, there are several other carcinogen-induced ALL lines, including the L5178Y cell line. This cell is a DBA/2-derived methylcholanthreneinduced T cell line that has been used extensively in preclinical efficacy studies and mechanisms of resistance [77] [78] [79] .
Viral models
The leukemia-prone AKR strain of mice has been used to characterize the oncogenic properties of various viruses. As a result, a T cell ALL model has been derived from AKR mice infected with a recombinant retrovirus that targets thymocytes [80] . This model has been used to assess the effect of obesity on ALL progression [81] . Additionally, lymphoblastic leukemias and lymphomas that have occurred as a result of retroviral insertion mutagenesis have allowed the characterization of novel genes involved in lymphoid leukemogenesis by the characterization of common viral insertion sequences [82] . The robustness of the techniques was confirmed when a gene identified through the screen, Prdm14, was found to be overexpressed in human B and T cell ALL and could initiate ALL when overexpressed by viral transduction of murine bone marrow cells [83] .
Transgenic models
Several ALL transgenic models have been published. These models recapitulate B cell, T cell, and Burkitt's leukemia/ lymphoblastic lymphomas.
BCR-ABL
The BCR-ABL fusion protein is the result of the translocation t(9;22)(q34;q11), also known as the Philadelphia chromosome. This translocation is characteristic of CML but is also found in B cell ALL. There are several isoforms of this fusion protein, the p210 form (found primarily in CML) and the p190 form (found primarily in ALL). Transgenic mice have been generated that expressed the p190 isoform from the BCR promoter, but they had embryonic lethality [75] . By contrast, transgenic mice that expressed the p190 BCR-ABL fusion from the metallothionein promoter are born alive, and 95 % die from a pre-B cell leukemia/lymphoma after 35 to 200 days [84] . This model has been used to test activity of novel compounds [85] , tyrosine kinase inhibitors [86] , and the effect of obesity on ALL progression [81] .
MLL leukemias
As the name mixed lineage leukemia implies, MLL translocations are seen in both AML and ALL. The MLL-AF4 fusion protein is seen in patients with t(4;11) and it is strongly associated with B cell ALL. A transgenic mouse model was generated that expressed MLL-AF4 from the endogenous MLL promoter. The resulting mice demonstrated deregulated lymphoid and myeloid growth and, after a long latency, B cell lymphomas [87] . Another model was generated using an inverted AF4 allele targeted to an intron in the MLL gene; when exposed to Cre recombinase, inversion and generation of MLL-AF4 occurred. Mice were then crossed to various tissue-specific Cre expressing transgenic mice. When Cre was present, the mice developed B cell malignancies with varying latencies depending on the Cre promoter [88] . A transgenic model using the human MLL-AF4 fusion protein expressed from the MSCV viral LTR resulted in B cell neoplasms, and the latency could be shortened by crossing these animals to transgenic mice expressing K-ras G12D [89] . This result supports the multihit hypothesis in leukemogenesis.
Eμ-myc
Burkitt's lymphoma/leukemia is considered a subtype of ALL and is characterized by translocations that result in the MYC gene being expressed under the control of the immunoglobulin heavy chain or light chain promoters. As a result, the disease is characterized by a high proliferative rate and very aggressive behavior. Transgenic mice have been generated with the murine Myc gene under the control of the IgG heavy chain promoter mimicking the t(8;14) seen clinically. The resulting mice developed aggressive B cell lymphomas and leukemias, with 90 % of animals dying within the first 5 months of life [90] . This model has been exploited to explore the role of cooperating mutations in lymphoma/leukemogenesis [91] , and in a seminal paper on how p53 loss or BCL2 overexpression affects chemotherapy response in vivo [92] .
NOTCH1
Notch receptors are transmembrane receptors that, when activated by a ligand, are cleaved into extra-and intracellular portions. The intracellular portion (ICN) translocates to the nucleus, where it interacts with additional proteins, resulting in transcriptional activation of target genes (reviewed in [93] ). NOTCH1 was first identified in the human T cell ALL-bearing translocation, t(7;9)(q34;q34.3). This translocation results in a fusion gene in which the TCRβ promoter drives expression of the 3′ end of the NOTCH1 locus, encoding only the ICN and resulting in constitutive NOTCH1 activation [94] . This translocation is found in only about 1 % of T cell ALL. However, in a subsequent report, 50 to 60 % of T cell ALL samples contained point mutations in NOTCH1, implicating this gene in the pathogenesis of most types of T cell ALL [95] . Several transgenic mouse models have been generated to express activated NOTCH1 alleles from T cellspecific promoters [96] [97] [98] . These mice have altered CD4, CD8 thymocyte development and develop T cell malignancies. A more recent model uses a transgenic mouse that expresses two common point mutations in NOTCH1 from its endogenous promoter in a conditional manner using a Lox/Stop/Lox cassette. These mice demonstrated accelerated development of T cell malignancies in a Sleeping Beauty transposon mutagenesis system [99] .
Mosaic models
As with AML, ex vivo manipulation of HSCs has been used to generate mouse models of ALL. MSCV vectors engineered to express the p190 BCR-ABL fusion protein have been used extensively to generate Philadelphia chromosome-positive B cell ALL models. A few examples include a study of the effects of chemotherapy on the development of tyrosine kinase inhibitor (TKI) resistant BCR-ABL mutants [100] , the role of BCL6 in resistance to TKIs [101] , and the role of the tumor suppressor Arf in the development of B cell ALL [102] . MLL fusion oncogenes have also been used extensively to generate mosaic ALL models. Researchers combined the mosaic model with the xenograft model and using human HSC derived from cord blood, infected them with an MSCV-based MLL-ENLexpressing vector, and injected them into sublethally irradiated NOD/SCID mice. In 26 of 29 injected mice an aggressive B cell ALL developed, demonstrating that MLL-ENL could induce ALL in human cells [103] . In an additional study, the MLL-AF9 fusion could produce AML or ALL in human cord blood CD34+ cells depending on the recipient mouse (NSG vs NSG-tg) [104] . These studies have established the feasibility of generating ALL models from human cells propagated in immunocompromised mice, and have begun to unravel how MLL-rearranged leukemias can be either myeloid or lymphoid.
Xenograft models
The same immunocompromised mouse strains described in the xenograft section in the AML models have been used to conduct preclinical efficacy studies in ALL samples. Additionally, they have extended the leukemic stem cell model to ALL through the observations that not all B or T cell ALL cells can initiate leukemia in NOD/SCID or NSG mice [105, 106] .
Non-mouse models
A sub-line of inbred Sprague-Dawley rats have a high incidence of T cell malignancies and have been used in the preclinical evaluation of therapeutics [107, 108] . A B cell ALL has been derived from inbred guinea pigs and was serially transplantable into inbred recipients, though not into non-inbred animals [109] . There are also non-mammalian ALL models, including a transgenic zebrafish model based on expression of the TEL-AML1 fusion protein found in patients with pre-B cell ALL with t(12;21)(p13;q22). Researchers expressed the transgene in either a ubiquitous fashion (using a modified β-actin promoter) or in a lymphoid-restricted manner (using the Rag2 promoter). Only zebrafish that expressed the transgene ubiquitously developed ALL after a long latency [110] . A chemical mutagenesis screen using transgenic zebrafish that express enhanced green fluorescent protein in a T cell-specific manner yielded multiple lines that have a heritable T cell ALL [111] . Another T cell ALL model was generated in zebrafish using the murine c-myc gene expressed under the control of the zebrafish Rag2 promoter. The transgenic fish developed a T cell ALL with a short latency [112] . In an elegant model, Dr. Look and colleagues used a transgenic zebrafish that contained a conditional Cre allele driven by the heat shock 70 promoter, and crossed it with a transgenic model that contained murine c-myc driven by the Rag2 promoter containing an intervening Lox-stop-DS Red-Lox cassette. The resulting progeny could be placed in 37°C water to induce Cre expression. Excision of the stop cassette could be followed by fluorescence imaging to detect the loss of DS Red and induction of EGFP expression. These animals developed an EGFP-expressing T cell lymphoblastic lymphoma (LBL) that progressed to leukemia after heat shock treatment [113] . This model was later used to investigate the genetic events that lead to the conversion of LBL to ALL [114] . The zebrafish has well established genetics, low cost, high reproductive rates making it an ideal system to carryout genetic screens. Contributions from these models are only just beginning.
Animal models of CML
CML is unique among the leukemias in that there is a single oncogenic event that drives the disease-the BCR-ABL fusion protein generated by the Philadelphia chromosome. This was the first known somatic chromosomal abnormality directly associated with a malignancy, and provided the first evidence that cancer was a genetic disease [115] . The disease is characterized by the abnormal proliferation and accumulation of mature and maturing myeloid cells. It has three distinct clinical phases, a chronic phase, an accelerated phase, and a blast phase. In the past, CML could only be cured by allogeneic stem cell transplantation, but in more recent years treatment has been revolutionized by the advent of BCR-ABL kinase inhibitors like imatinib, nilotinib, and dasatinib (reviewed in [116] ).
Animal models have played a unique role in CML studies. Dr. Van Etten showed that the p210 isoform of the BCR-ABL protein directly caused CML by using a mosaic mouse model. He used a retroviral vector that expressed the p210 protein and infected mouse HSCs. When the infected cells were transplanted into syngenic recipients, the animals developed a myeloproliferative disorder that strongly resembled human CML [117] . These models have been used extensively since then to evaluate many aspects of CML, including the transforming potential of the various isoforms of BCR-ABL [118] , the genetics of progression of the disease [36] and characterization of CML stem cells [119] .
CML has also been modeled using transgenic mice. In one model, the p210 isoform was expressed from a tetracycline-inducible protomer and crossed to a transgenic mouse that expressed the Tet transactivator from the CD34 promoter, ensuring p210 expression in the presence of doxycycline in the HSC compartment. The resulting mice developed a myeloproliferative disease with thrombocytosis [120] . This is opposed to the B cell ALL they saw when p210 was expressed in pre-B cells [121] , demonstrating that the phenotype of BCR-ABL-induced leukemias depends at least in part on the cell of origin. In addition to mosaic and transgenic models, xenograft studies using CML patient samples have been conducted. In a recent example, persistence of a CML stem cell population in patients in cytogenetic remission was demonstrated by engraftment into NSG mice [122] . This study provides proof of the persistence of these leukemic stem cells even in patients who have received TKI therapy for years. Primary patient samples and cell lines established from CML patients in various phases have been engrafted into athymic mice [123] , SCID mice [124] , and NOD/SCID mice [125] . The use of mosaic, transgenic, and xenograft models has provided invaluable insights into the molecular pathology of this leukemia.
Animal models of CLL
CLL is the most common of all the leukemias and, unlike CML, the disease is genetically heterogenous. It is a disease of the elderly and is characterized by the clonal proliferation of immune incompetent CD5+ mature B lymphocytes. The disease is considered indolent, with median survival of low stage disease over a decade, although a subset of patients will have a more fulminant course [126] . The disease can occasionally transform into a more aggressive diffuse large B cell lymphoma or, more rarely, into Hodgkin's lymphoma via a process called a Richter's transformation. To date, several animal models of CLL have been described. As with the other leukemias, mice are the most widely used model.
One of the earliest CLL mouse models is the spontaneously occurring New Zealand Black (NZB) mouse model. NZB mice develop a clonal proliferation of aneuploid CD5+ B lymphocytes. The disease can be serially transplanted and will occasionally become a large cell lymphoma consistent with a Richter's transformation seen clinically [127] . A mutation in the microRNA-16 locus was found in these mice; also seen in human CLL cells, it is thought to contribute to the development of CLL [128] . In addition to this spontaneous model several transgenic models have been developed. In the TCL1 transgenic model the human TCL1 gene was cloned downstream of the Eμ promoter resulting in B cell-restricted high-level expression. The TCL1 gene has elevated expression in a number of B cell malignancies, including CLL [129] . The resulting mice develop a clonal or oligo-clonal proliferation of CD5+ B lymphocytes in later life, mimicking the human disease [130] . Additional insights into the molecular pathology of CLL were gained by the TRAF2DN/Bcl-2 double transgenic model. Both Bcl-2 and tumor necrosis factor receptor associated factors (TRAFs) are overexpressed in B cell malignancies, including CLL [131, 132] . In this model, investigators crossed transgenic animals that expressed human BCL2 from the IgG heavy chain promoter with those that expressed a truncated form of TRAF2. The resulting progeny developed a progressive accumulation of clonal CD-expressing B cells, leading to shortened survival [133] . As with the other leukemias, propagation of human CLL samples in immunocompromised mice has been reported. A human-derived fludarabine-resistant CLL cell line, WSU-CLL, can cause tumors when injected subcutaneously in SCID mice [134] . This model has been used for preclinical testing [135] . Nude mice have also served as recipients of human CLL cell lines [136] . Finally, NOD/SCID animals have been used to engraft primary patient samples [137] . This model has been used to study the effects of known CLL prognostic markers on sample engraftment; samples with adverse factors engrafted more aggressively in this model [138] . The initial successes of this model make it highly attractive for future preclinical efficacy studies of novel agents.
Summary and future directions
Animal models of leukemia have been indispensible in the study of these devastating diseases. A compelling argument can be made that our understanding of leukemias, more than any other malignancy, have benefited from these model systems. Much of the current understanding and therapeutic approaches were first tested or discovered using these models. In the future, one can easily imagine a synergy between the various models for the further development of novel therapeutic targets. The transgenic and mosaic models have a clear utility in preclinical efficacy testing, as well as exploring stroma-immune cell interactions. Xenograft models have the unique advantage of being able to explore human cell-specific biology in an in vivo, albeit immunocompromised environment. Newer, non-mammalian systems can bring to bear large-scale genetic screens to uncover critical molecular pathways that can serve as the next generation of therapeutic targets to be evaluated in mosaic, transgenic, and xenograft models and moved into clinical trials to improve the lives of our patients with leukemias.
